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BEZIKO NORMAL SHOCK 

' B y  Harold Lam and Melvin J. Har-hnann 

The design of a 24-inch-diameter  supersonic-conpressor  rotor based 
on We estabLisbment of simple radial equilibrium behind the normal 
shock an13 a controlled  diffusion rate was.investigated in Freon-12. 
Inlet guide vanes were  used as a -8216 of establishing the theoret ical ly  
required  entrance  conditions. This design  followed from a previous 
investigation of a 24-inch-diameter  supersonic-compressor rotor. 

A maxiurn total-pressure  ratio of 2.02 a t  an adiabatic  efficiency 
of 0.74 and a weight  flow of 61.5 pound6 per second w e r e  obtained a t  an 
equivalent tip sgeed of 1590 feet per  second,  with  supersonic'flow 
existing over  the  entire  passage  height. The invest igat ion  fur ther  
revealed that although  the radial accelerations  behind  the  shock w e r e  
theoret ical ly  reduced  over most of t h e  passage, this   reduct ion had no 
apparent  effect on the   radial   redis t r ibut ion of mass flow. The  shock 
boundary-layer  interaction.pat6ern  and  associated effects must be uon- 
sidered along with  the  theoretiually computed dial forces. 

" ". 

The shock-in-rotor type supersonic oompressor offers  a serious f 

problem i n  subsonic  diffusion  because of t h e  shock  boundary-layer i n t e r -  
action.  This problem, i n   a d a i t i o n  to the  considerations of radial 
forces, must be'solved  before good stage performance can  be  real ized  for  
this   type of compressor. 

A n  analytical   study of super~~onic  axial-flow compressor  performance 
(reference 1) has indicated that stage  pressure  ratios of around 3 are 

obtain  the  desired  preesure  ratio for this   type of rotor, however, dFf -  
flmion of t he   r e l a t ive  Mach  number a t  the  blade exit t o  0.60 or below . is required.  Failure t o  obtain this diffusion.  presents one of t h e  ser- 
ious  limitations on t h e  performance  of the  shock-in-rotor  type  supersonic 
oompressor . 

m feasible  for  the  shock-in-rotor  type  supersonic  compressor. I n  order t o  
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A previous  investigation of a 24-inch.  ehock-in-rotor  type  super- 
sonic  compressor  (reference 2 )  revealed that the  discrepancy  between 
design  pressure  ra t io  2.82 and the   pressure  ra t io  a t  design speed, 1.93, 
was due t o  incomplete  passage  diffusion, which i n   t u r n  was due, a t  least 
p a r t l y ,   t o   t h e  Lack of simple  radial  equilibrium  directly  behind  the 
normal  shock. The neceseity of approxilllating the  condition of simple 
radial  equilibrium after the  shock w a s  indicated.  This  equilibrium  con- 
s idera t ion  was then  incorporated  . in  the  design of this supersonic- 
compressor rotor  inveetigated a t  the  NPCA Lewis laboratory.  

The  design  theoretically  reduced  the  diffusion problem i n  two man- 
ners:  through  the  eatablietnnent of favorable  conditions  for  diffusion 
by t h e  elimination of the  unbalanced radial forces  behind  the  shock, and 
th rough  the   carefu . regula t ion  of the  subsonic  passsge  diffusion. T h a t  
a balance  between  the  radial  preesure  force. and the  centr i fugal   force 
(simple  radial  equilibrium)  behind  the  shock  could  be  established by t h e  
proper   dis t r ibut ion of t he  turning i n  t h e  inlet guide vanes was assumed. 
An analysis of the  design flow i n   t h e  subsonic  portion  of  the  passage 
indicated that with s i m y l e  radial  equilibrium  behind  the  shock and a 
controlled  diffusion rate the  result ing radial f l o w  components were neg- 
l i g i b l e .  . .  

."I 

The rotor,  designed on the   bas i s  of the  foregoing  analysis, wds 
investigated  over  the  tip-speed range from 176.0 to feet per  secomi 
i n  Freon-=. Two-dimenerional cascade  performance uf the  rotor-blade 
pi tch  sect ion,  and data of t he  guide-vane  performance, ae a separate 
component i n   t h e  compressor rig, a r e  a l ~ o  inclu.ded i n   t h i s  report. 

The following synibols are used i n  th i s   repor t :  

a 

Fr  

M 

M' 

velocity of  sound, ( f t /sec)  

unbalanced  radial  force  (toward  the  hub), 

absolute Mach number, r a t i o  of s t r eamve loc i ty   t o  local velocity 
of sound 

r e l a t i v e  Mach number, r a t i o  of s t r e a m  veloci ty   re la t ive t o  ro tor  
t o   l oca l   ve loc i ty  of sou& 
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t o t a l ,  or stagnation  pressure, (Ib/sq ft) 

static,  or  stream  pressure, (lb/sq f t )  

compressor radius, (In. ) 

velocity of rotor ,  ( f t /sec)  

velocity of fluid, (ft/sec) 

weight flow, (lb/sec) 

angle between flow dlrection and axis, ( k g )  

ratio of specific  heats 

ratio of actual W e t  t o t a l  pressure t o  standmd sea-level  pres- 
sure, P0/2116 

adiabatic  efficiency 

r a t i o  of actual  inlet-stagnation  temperatyre  to stahdard sea-level 
tempera;tUre, T0/518. 4 

P density,  (lb/cu ~ t )  

Subscripts: 

0 initial stagnation  conditions 

2 ro to r  entrance 

4 immediately after shock In rotor 

5 ro to r  ex i t  

t t i p  

X blade chord distance 

2 axial component 

e tangent id conponent - 
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COMPHESSOR DESIGN METBOD 

The desi@  procedure w a s  devised t o  determine s-le. radial  equi- 
librium behind  the shock thereby  eliminating the radial accelerations 
t h a t  would exist i n   t h e  absence of equilibrium. The method. involved a 
trial-and-error procedure for  detewning  the  rotor  entrance flow condi- 
tions  based on the  following assumptions: 1) the  existence of simple 
radial equilibrium  behind  the  guide  vanes, t 2) negligible radial flow 
components in the  supersonic  po-rtion of .the  passage, and (3) the attain- 

f ment of the  theoretical  Mach  nuuiber behind the shock. The entrance con- 
dit ions at t h e   t i p  and the  supersonic  passage  turning were fixed. From 
the specified  entrance  conditions at t h e   t i p  (rotor speed,  guide-vane . 

turning, and absolute  entrance Mach nuuiber), the flow conditions  in  the 
m i n i m u m  section w e r e  determined frm the Kantraritz contraction  ratio 
(reference 3), the  rotor  turning, and the normal shock relations. The 
desired  pressure  behind the shock a t  an incremental radial distance 
from t h e   t i p  w a s  evaluated by using  the  pressure  gradient  necessary for 
simple radial equilibrium 

and the  pressure a t  the   ro tor   t ip .  The relative entrance Mach  number 
tha t  w i l l  give  the  required  value of p4/Po at t h i s  lower radius was 

. .  . 

. . " 

: "l 

- 

then determined from a trial-and-error  solution. The amount of guide- 
vane turning depended  on the  relative  entrance Mach nuuiber, the rotor 
speed, and the absolute inlet velocity. The desiga method was followed 
in..a  step-by-step manner until the rotor hub  was reached. The guide- 
vane turning gradient result from t h i s  design  procedure w a s  f a i r l y  
large  (fig.  I), varyLng from? at the t i p   t o  approximately 27' a t  the 
root. The relative entrance Mach  number varied from 1.667 at the t i p  t o  
1.607 at the root. 

" - . .  

- 

The subsonic  portion o f  the passage was designed t o  maintain a low 
diff'usion r a t e . a t  all. rad i i .  The diffusion  rate  selected  in  this  design 
A(p4/Po) per  inch was equal t o  0.05 aid corresponds: approximately t o  a 
2' equivalent cone based upon the minimum and exit   areas.  No contouring 
of the hub or shroud was necessary in  t h i s  design  since  the  radial veloc- 
i t i e s  computed at the  exi t  of the passage were..ne&igible., . m u n ~ . -  . . .-:. - 
layer allowances of 0.005 inch  per  inch far the  supersonic  section and 
0.01 inch  per  inch for the subsonic  section were wed i n  the *.sign. 
The pitch  section of the 24-inch rotor passage  designed t o  diffuse the 
flow t o  a Mach rider of approximately 0.55 is shown in figure 2. 

. .  

. .  

.. 
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The compressor consisted of a rotor  containing 53 blades and 
23 i n l e t  guide  vanes. The rotor shorn in   f igure 3 had a bulb  type 
blade  attachment,  hub-tip  radius r a t i o  of 0.75, and pitch radius solid- 
i ty  of approximately 3.55. 

Compressm unit. - The ins ta l la t ion  for the 24-inch supersonic  co" 
pressor  rotor  Fnvestigated w a s  basical ly   the same as that described in 
reference 4. The increased.  weight of the  rotor  necessitated  a'stradc3l.e' 
mount bearing  support  instead of the  cantilever m o u n t i n g  arrangement . 
previously  used  (reference 4) .  A schematic  drawing of the compressor 
uni t  is sham in figure 4. 

The compressor r i g  was so designed that s-le modification of the 
pipfng w o u l d  permit  operation  either in Beon-12 or air. A closed  loop 
system was used for   the Freon-= tests with  the  laboratory  refrigeration 
system charging and purging the  loop.  Aircraft  coolers  installed in the 
exhaust l i nes  were used t o  regulate  the  inlet  stagnation temperature. 
The inlet stagnation  pressure w&s manually controlled  by a valve  located 
in the  return line of the  laboratory  refrigeration system. 

Instrunentation. - The instrumentation  used in  this investigation 
was essent ia l ly   the same as that descrned fn reference 4. To determine 
air contamination  while  operating in Freon-12, a density  belance  device 
was used t o  check the Freon purfty, which W ~ E  maintained above 99 per- 
cent  by volume. The canpressor  entrance nozzle, calibrated w i t h  a 
standard  adjustable  orifice  by  the method of reference 5, w a s  used t o  
measure the Freon-I2  weight flow through the  closed loop system. The 
accuracy of the weight flow determined  by this method was approximately 
1 percent. 

Prior t o  the compressor investigation a complete study of the M e +  
&&-vane performance w a s  made w i t h  the  canpressor  rotor removed. The 
guide-vane turning  angle and ex i t  mass-flaw distribution were obtained 
a t  several  entrance Mach numbers including choking conditions. 

The compressor was operated  over  a  range of ncminal equivalent air- 
t i p  speeds from 1760 t o  lJ-84 f e e t  per second i n  Freon-=. The peak- 
pressure-ratio  point for each  speed was obtahed  by  closing the t h r o t t l e  
unti l   the  audible stall condition was reached. The t h r o t t l e  was then 
opened a small 

- rotor-entrance 
was calculated 

increment and data were taken. To give  the same re la t ive  
Mach m e r  as i n  a i r  the desi- t i p  speed in  Freon-12 
by a method similar t o  t ha t  given in  reference 6. In 
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add i t ion   t o  t h e  Freon  investigation, a two-d.imemional  cascade  investi- " - -  

gat ion w&S made on the   p i tch   sec t ion  of'. t h e   r o t o r   r b h d e  passage  using 
t h e  same f a c i l i t i e s  and testiw techniques a8 descr ibed  in  refmeme 7. - 

The rotor  entrance  conditions in Freon-12 were obtained from the - 

weight-flaw measurements  and the mass flow and turning angle distri- 
bution  observed in the gu$de-va.pe investigation-."- -%e- entrance Mach num- 
hers determined in this manner checked very  closely  with"th0sk  obtaine8- 7 
by  using d l - t a p  da ta   ( f ig .  5).  The exit   conditions w e r e  determined 
from survey  instruments  immediately  behind the wheel. The weight-flm 
measurements obtained from the  survey  instruments were compared with  the 
measurements from the calibrated entrance.  nozzle and agreed  within 
2 percent. The eff ic iency and to ta l -pressure   ra t ios  were based on 
readhgs  taken from thermocouple  rakes  and  total-pressure  probes i n  the 
entrance  tank and downstream of the wheel,. . - .  .. . ..  .. . i"_ .. 

- 
" 

.. 
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The data obtained i n  Freon-12  were  reduced  by u t i l i z ing   t he   cha r t s  
of reference 8. When theee  charts were used to determine  an  average 
value of spec i f ic   hea t   for   the  compression  process, some error   resul ted 
i n   t h e  computation of adiabatic  efficiency. A trial computation of 
adfabatic  efficiency was therefore  made ueing t h e  two available methode: 
t he  standard isentropic  total-preseure - temperature  relation method 
involving  the  average  specific  heats as determined  from  reference 8; 
and the  enthalpy method using t h e  Freon thermodynam€c tab les  of refer- 
ence 9.  The eff ic iencies   obtawed by the two methods aGeed  within 
2 percentage  points. The adiabatic  efficiency  reported  herein was 
calculated by the  use of average  specific  heats. The value of spec i f ic  
h e a t  used was an  average of the  stagnation  value a t  the  compreseor 
inlet and e x i t .  T h i s  method was probably as accurate as the   use of 
Freon enthalpy  tables r e q u i r i n g  extrapolated  values  for  the  operating 
range of the  compressor. 1 L- 

.. . .  

- 

.. 

. ." . 

I . " 

Over-all  performance  of  compressor. - The performance map of the 
24-inch  supersonfc  compreseor  determined in Freon-12  and converted t o  
equivalent   resul ts   in  air is shown in f igure  6. At the  equivalent t i p  
speed of 1590 f e e t  p e r  second i n  a i r  (approximately  design t i p  speed) a 
maximum to ta l -preesure   ra t io  of 2.02 was determined a t  an  adiabatic 
efficiency of 0.74 and a weight  flow of 61.5 pounds p e r  second.  Because 
of the  ver t ical   weight-f low  character is t ic   a t   design epeed,  supersonic 
inlet-passage f low conditions are assumed t o  exist over   the  ent i re  annu- 
l a r   he igh t .  The slope of t h e  peak total-preseure  ratio  curve  decreased 
as design  speed was approached,  and t h e  compressor  operating a t  110 p e r -  
cent of design speed  result& i n  a s l i g h t   i n c r e a s e   i n  weight flow, but 
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no further  increase in pressure ra t io .  The performance of the  compres- 
sor  was chaxacterized by a rapidly  deter iorat ing flow process above 
design  speed. This phenomenon is  shown in the sharp drop-off in e f f i -  
ciency above design  speed  by  the  efficiency-weight f low p lo t s  of f i g -  
ure 6(b),  

N 
eo 
m 
(53 

Entrance-flow  distribution. - A comparison of the design  and  exper- 
imental   relative  entrance Mach nuniber d i s t r ibu t ions  as determined from 
the gufde-vane invest igat ion is  sham Fn f igure   7 (a) .  The deviation of 
the  experimental  curve from the design was caused  by  Induced  guide-vase- 
turning  effects  as shown fn figure  7(b)  and  explained in reference 10. 

Distribution of flow at  r o t o r  exit. - The flow conditions  behind 
the r o t o r  were characterized  by  a  substantial radial redislsribution of 
the  ms6 flow from t i p  t o  root. A comparison  of the  exit   conditions 
with  entrance  and  design  confitions sham In f igure 8 Fndicstes  the 
sharp  gradients  in mass flow,  ax3al Mach number; and exit  angle  behind 
the  wheel. The mass flaw and axial Mach rider dis t r ibu t ions  (figs. 8(a)  
and 8(b)) show that the  boundary layer   near ly  fills the   outer   third of 
the  passage. ThLs condition  could  readily be asaociated w i t h  boundary- 
layer  separation a t  the  t ip   or   separat ion  a long  the  blade that was cen- 
t r i fuged  t o  the   t i p .  In f i g w e s  8(b) and 8(c)  the  higher-than-design 
a x i a l  Mach number at  e x i t  and lower-than-design exit   angle  existing  over 
the  major portion of the  passage  indicate  poor  passage  diffusion. A 
method of evaluating  the  diffusion  in  the  free-stream  portion of the flow 
Using the  discharge  static  pressure is shown i n  figure 9 .  This  figure 
consis ts  of a s e r i e s  of p5/Po contours theore t ica l ly  computed f o r  
assumed exit r e l a t i v e  Mach numbers, baeed on t he  assumption that the  
t o t a l  losses i n c u r r d  by the  flow equal  the normal shock losses  a t  t h e  
relat ive  entrance Mach number. The experimental exit r e l a t i v e  Pfach 
number i n  t h e  f ree   s t ream  at   design  condi t ions is then  evaluated by 
plotting  the  experimental  valuee of pg/Po on t h i s   f i gu re .  The lowest 
subsonic Mach number t o  yhich  the f l o w  was diffused  apparently 18 
approximately 0.9. 

.Two-dimensional  cascade  performance. - A cascade  investigation of 
the   p i tch   sec t ion  of the 24-inch  supersonic-compressor r o t o r  indicated a 
phenomenon similar t o  that described i n  reference 1l, that is, the bound- 
a ry  layer thickens  because of the  presence of the shock  and  campresses  a 
port ion of t he  flow in  f ront  of the shock f romthe  or iginal   value t o  a 
lower Mach  number value. The boundary layer  then  continues t o  thicken 
and reaccelerate?  the  free  stream immediately  behind  the  shock t o  a Mach 
number close t o  1. A comparison of the.design  s ta t ic-pressure distri- 
bution on the   t r a i l i ng   su r f ace  of the  blade  with that obtained from 
experimental  data  (fig. 10) i s  qua l i t a t ive ly   i n  agreement  with  the  pre- 
ceding  explanation of the  boundary-layer  shock-interaction  pattern. 
Instead of the  sharp rise in  pressure  predicted from theory,   the   s ta t ic-  

interaction  pattern  complicated  the  diffusion problem  and resul ted in a 
measured reduction of 27 percent   in   the  effect ive  passage  area  a t   the  
e x i t  instead of t h e   e s t h a t e d  10 percent. Although f igure 10 shows t h a t  

- 

- pressure r b e  through  the shock was smooth. The boundary-layer  shock- 
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t h e  predicted  diffusion rate A(pq/Po) p e r  inch  of 0.05 was appraxi- 
mately  maintained  behind t h e  shock, the  increased boundary l aye r  a t  t he  
shock  reduced the  possible  diffusion  from a theore t ica l  exit Mach num- 
ber  of 0.55 t o  an observed  value of 0.8. 

ANALYSIS CF KESLTLTS 

The performance of the  24-inch  supersonic-compressor  rotor was very 
d i f f e ren t  from  design  because of t h e  poor passage diffusion and t h e  
rad ia l   red is t r ibu t ion  of t h e  f l a w .  Possible  cauees for th i s   depar ture  
are: (1) the  fa i lure   to   es tabl ish  condi t ions  approaching  s imple radial 
equilibrium after t h e  ehock, (2) t h e  effects of bound--layer shock 
in te rac t ion  overshadowing  any theoretioal  approach-to simple radial 
equilibrium af te r  t h e  shock, o r  (3) a combination of both. 

The problem  of obtaining  simple  radial  equilibrium  behind  the  shock 
has been  previously  described as depending  on the  proper  guide-vane  per- 
formance  and on obtaining  the  theoret ical  Mach number behind the  shock. 
Calculations were therefore  made t o  determine t h e   r e l a t i v e  effects of 
deviat ion i n  theee  conditione on the  radial forces  behlnd  the  shock. 
These effects are indica ted   in   f igure  11 where t he  unbalanced r ad ia l  
force is plotted. a8 8 function of radius . Sham in  the   f i gu re  are f i v e  
curves of t h e  unbalanced radial forces  behind  the  shock for the  follow- 
ing conditions: (1) design  entrance  conditione and the   theore t ica l  Mack 
number behind t h e  shock for air, (2)  design  entrance  conditions and t h e  
theore t ica l  Maoh  number behind t h e  shock f o r  Freon-12, (3) design 
entrance  conditions and a Mach number of 1 .O behind  the  shock  .for 
Freon-=, (4) experimental  entrance  conditions  and a Mach number of 1.0 
behind  the  shock  for  Freon-E, and (5) conditions  existing i n  t h e  24-inch 
supersonic-compre~sor  rotor  of reference 2 .  In addi t ion  to   the  preced-  
ing f i v e  (3urves, the   t o t a l   p re s su re   fo rce  behind. t he  shock a t  experlmen- 
ta l  conditione (for condition ( 4 )  ) is shown for hornparison purpoeee. 
The maximum experimental  deviation  from  deeign  entrance Mach  number 
( f i g .  7 ( a ) ) ,  which was due t o  guide-vetne flow  deviation,  apparently 
produces a substant ia l   departure  from  simple  radial  equilibrium  or 

(D 
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While t h i s  effect is qui te  pronounced, figure 11 shows that   obtaining 
a Mach number of 1.0 behind  the  shock  inetead of the   theore t ica l  Mach 
number r e su l t s  in  a small unbalanced r ad ia l   fo rce  Fr. This small 
force  indicates  that t h e  unbalanced radial force  behind  the shock i e  
markedly affected-by  the  entrance-flow  distribution and eomewhat less 
affected by the  deviat ion i n  assumed passage-flow  conditione. 
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The comparison of the   theore t ica l   rad ia l   forces  i n  the  present  
design  with  the  theoretical  M a l  forces i n  the  24-inch  supersonic com- 
pressor of reference 2 ( f ig .  11) indicates that, even  with  the  devia- 
t ions ,   the  present design  theoretically  reduced  the radial forces 
through most of the  passage as compared wi th   the   theore t ica l   forces  
occurring i n  t h e  24-inch  supersonic-compressor ro to r  of reference 2 .  
The greatest   reduction in  radial fo rce  was obtained a t  the   p i t ch  where 
t h e  entrance conditions are nearest  design conditions. A smaller reduc- 
tion is obtained a t  t h e  root  (radius, 9.0 in.) whereas st t h e   t i p  where 
the  deviat ion i n  entrance  conditione is greatest, there is a higher 
unbalanced radial force  than In the   inves t iga t ion  of reference 2. This 
reduction i n  the   t heo re t i ca l ly  computed radial forces  over most of t h e  
passage did not   resu l t  i n  improved passage flow. 

- 

The poor passage  performance and t h e  sharp radial red is t r ibu t ion  
of t h e  mass flow towards the   roo t  may be t h e   r e s u l t  of  several combined , 

effects: (1) the  severe  boudarg-layer  shock-interaction pattern at  
the   t i p ,   (2 )  radial forces   resul t ing from f a i l u r e   t o   e s t a b l i s h   d e s i g n  
entrance  condftiona, and (3) pms ib le  radial f low  veloci t ies  i n  t h e  
supersonic  region. 

A severe  boundary-layer  shock-interactlon pattern can be expected 
a t  t h e   t i p  became of t h e   l a r g e r  growth i n  boundary l aye r  a t  t h e   t i p  
than at  the   o ther  radial sect ions.  The following are t h e  principal 
causes for t h i s  larger boundary-layer  development: (1) the  continuous 
outer  shroud enables t h e  accumulated  boundary l aye r  from the guide  vanes 
to develop  along the  outer wall and (2)  the  centr i fuging effects fu r the r  
aid t h e  growth of t h e  boundary layer  a t  t h e   t i p   r e g i o n .  The in te rao t ion  
of t h e  normal shock  with a th ick  boundary layer a t  t h e   t i p  probably 
resul ted i n  separatfon and severe  radial-flow  redistribution; 

The boundary-layer  problem in  t h e  aupereonic  compressor was two- 
fold. i n  nature. The radial sect ions below t h e   t i p  w e r e  confront&  with 
a two-dimensional  boundary-layer  shock-interaction  problem as indicated 
by t h e  two-dimernional  cascade s tudy  whi le   the   t ip   reg ion  experienced. 
t h e  aggravated effects of  both  boundary-layer  accumulation and shock 
interact ion.  If, as the  cascade  investigation has indicated, a Mach 
number of 1 .O exists behind the  normal shock, use of  t h e  Khntrowitz 
contraat ion  ra t io   ( reference 3) w i l l  set a ~~ boundaq-layer 
thickness af ter  t h e  shock  because  the  available area as defined by t h e  
Kantrowitz  contraction  ratio is appreciably larger than that required 
by t h e  flow a t  a Mach number of 1 .O. I f  t h e  mntrowitz  contraction 
r a t i o  is exceeded., &8 outlined i n  reference 12, the  boundary-layer 
growth along t h e  blade surfaces would be deoreased and the  subsonic 
passage  diffusion would thereby be improved. Alleviation of t he  
boundary-layer  shock-interaction problem at  the   t i p   cou ld   t hen  POSSiblY 

.be accomplished  by  bleeding  off  the low-momentum air a t  t h e  t i p .  

- 
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The r e su l t s  of the  invest igat ion of t he  24-inch  shock-in-rotor  type 
eupersonic cornpressor  designed f o r  eimple radlal equilibrium  behind  the 
normal shock  can  be summarized aa follows : 

1. A maximum pressure   ra t io  of 2.02 at  an  adiabatic  efficiency of 
0.74 and a weight flow of 61.5 pounds per  second were obtained a t  an 
equivalent t i p  speed of 1590 feet per  second. 

2 .  The theoret ical   reduct ion of t he  computed rad ia l  forces over a 
large  portion  of  the  passage had no apparent effect on the   red is t r ibu t ion  
of the  f low for the   rotor   invest igated.  The boundary-lager  shock- 
interact ion  pat tern and other   effects  must be  coneidered.along w i t h  the 
theoretical  computations of t he  radial f o r c e a .  

3. Establishment  of  simple  radial:  equilibrium  behind  the  shock . 

w i t h  entrance  guide vanes presented a d i f f i c u l t  problem since  secondary 
flows made the   requi led   l a rge   g rad ien t   in  guide-vane  turning  difficult 
to  obtain  experimentally a t  the r o t o r   t i p  ami root sections.  

* 
CONCLUSION 

The following conclusion  can  be drawn from this   invest igat ion:  The 
shock-in-rotor  type  supersonic  compressor  offers a serious problem i n  
subsonic  diffusion  behind a normal shock which must be solved  before 
good stage perfo-me can  be  reali-zed f o r  thiB compressor type. Con- 
t r o l  of t h e  shock-boupdary-layer  interaction would gr&-tiy reduce  this" 
problem. 

. - - - - - -. ". 

Lewis Flight Propulsion Laporatorg 
National Advisory C o d t t e e  for Aeronautics 

Cleveland, Ohio. 
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r Compressor radius, r, in. 

Figure 1. - Design guide-& turning distribution. 
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Figure 5. - Comparfson of calculated  absolute entrance Mach number 
dis t r ibu t ion  with Mach nuniber based on wall-tap data. 



40 50 60 70 
Approximate air equivalent weight flow, W &/8 

(b) Adiabatic efficiency; measured In Freon-12. 

Figure 6. - Perfonnance characterfetlcs of 24-.inch 
supersonic~cc~lrpressor rotor. 
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5.0 9.5 10.0 10.5 n-. 0 U . 5  12.0 
Compressor radius, r,  in. 

(b) GUih-V- turning. 

Figure 7. - Rotor entrance conditione; design tip speed (1600 ft/sec). 
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0 
Compressor radius, r, in. 

(a) Mae8 flow distribution. 

Figure 8. - Cornparisms of rota exit c_onUtio_ns vim entrance 
and design conditions; measured in Freon-12. 
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ll.5 12.0 
Compressor radius, r, in. 

(b) Axial Mach number distribution. 

Figure 8. - Continued. Canparisms of rotor exit conditions with 
entrance and desfgn conditions; measured in Freon-=. 
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11.5 1: 
Cmpressor radius, r, in. 

(c) Exit .angle d3.etribution. 

Figure 8. - Concluded. Canparisma 'of rokor exit conditione w i t h  
entrance and design conditions; measured i n  Freon-12. 
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Figure 9. - Comparison of experimental and theoretical   static- 
pressure aistrlbution at rotor exit. 
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Blade chord, in. 
Figure 10. - Cmprlson of theoretical cascade static-pressure distrlbutton on traFung surface of blade. 
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. Figure 11. - Variation o f  unbalanced radial force behind normal 
shock. 
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